The monitoring of physiologic variables is an integral part of the diagnosis and management of the critically ill patient. Restoration of tissue perfusion and oxygen delivery is the ultimate goal for any state of circulatory collapse. Insight into a patient's intravascular volume status and cardiac performance, particularly in the early stages of shock, can help guide management and potentially change outcome. In the past 30 years, various bedside monitoring techniques and indices have been developed in an effort to determine and optimize a patient's cardiac performance. This article reviews the physiologic parameters that best predict intravascular volume status and volume responsiveness. We examine the controversies surrounding the pulmonary arterial catheter and describe the less invasive methods of measuring cardiac performance.
will benefit from volume expansion and those for whom an inotrope or vasopressive agent will better augment perfusion can limit the adverse effects of volume overload.
Central venous pressure (CVP) and pulmonary artery occlusion pressure (PaOP; or "wedge pressure") have traditionally been used to estimate preload and intravascular volume status. These pressure-derived preload values, or filling pressures, have been central to the management of fluid resuscitation and titration; however, numerous studies have challenged the notion that these indicators accurately predict volume status. In fact, more than a dozen studies that examined various patient populations (sepsis, perioperative cardiovascular surgery, trauma, and other critical illnesses) all failed to demonstrate a correlation among CVP/PaOP, volume status, and cardiac performance (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . The Frank-Starling curve shown in Figures 1 and 2 illustrates how filling pressures can lead to inaccurate and often misleading interpretation of intravascular volume status. Pressure-derived preload values do not identify a position of or place on the Starling curve and, therefore, poorly predict whether volume will improve hemodynamics. For example, a low CVP might prompt the clinician to give a fluid bolus; however, because of the patient's position on the curve, volume will not result in an increase in the CO and may even result in pulmonary edema. Conversely, a patient can have "high" filling pressures yet still be on the vertical portion of the curve. Traditionally, an elevated CVP or PaOP would trigger an order to diurese, when, in actuality, the patient's physiology would benefit from volume enhancement (1, 4, 8) . CVP and PaOP are also poor indicators of cardiac preload because they fail to reflect cardiac volume in the setting of reduced ventricular compliance (4, 13) . A noncompliant, "stiff" heart may generate high filling pressures even in the setting of underfilled ventricles. The CVP or PaOP may be elevated, yet the patient's CO would improve with volume infusion (8) . Finally, external forces, including positive end expiratory pressure, abdominal pressures, and vascular compliance, alter the relationship between filling pressures and end diastolic volume (14) .
In a study by Osman et al. (8) , CVP, PaOP, and cardiac index (CI) were measured before and after a challenge of 6% hydroxyethyl starch infusion. Volume responsiveness was defined as an increase in CI by 15%. Preinfusion values of CVP were not statistically different between responders and nonresponders ( Figure 3) . The preinfusion values of PaOP, although statistically different between the two groups, had a great deal of overlap; therefore, no threshold value to predict volume responsiveness could be defined ( Figure 4) (8) . Even when combining low CVP and low PaOP values, the filling pressures still failed to predict whether volume would enhance CO (8) . When examining the patterns shown in Figures 3 and 4 , there is certainly a trend suggesting that patients with low filling pressures correspond to a response of fluid challenge. In fact, if one were to take a large population of patients and gather an aggregate of filling pressures, the low CVP and PaOP would likely predict volume responsiveness among this large group; however, when caring for the individual patient, these filling pressures do not predict with enough accuracy or reliability that a low value translates to volume responsiveness.
Not only are the absolute values of CVP and PaOP poor surrogates for volume responsiveness, but also several studies have shown that changes in CVP and PaOP after a fluid challenge do not correlate with changes in CO (9, 13, 15, 16) . Kumar et al. (13) demonstrated this concept definitively in a study of healthy volunteers. In this study, cardiac contractility failed to respond in any consistent or predictable manner when compared with the changes in CVP or PaOP after a 3-L saline infusion. The authors concluded that filling pressures, both absolute values and trends after volume infusion, failed to predict volume responsiveness in this population.
In the landmark study of early goal-directed therapy by Rivers et al. (17) , CVP of 8 to 12 mmHg was one of the resuscitation end points. The American College of Critical Care Medicine guidelines for hemodynamic support of patients with sepsis also use CVP and PaOP to define resuscitation goals (6) , yet the predefined increase in CI in the study by Osman et al. (8) was seen after fluid bolus in only 46% of patients whose CVP was <12 mmHg and 54% of patients whose PaOP was <12 mmHg. These findings are congruous with the results of many other studies and strongly question the accuracy and utility of CVP and PaOP as predictors of preload and targets of volume therapy (3, 5, 13, 18, 19) .
Although CVP and PaOP may predict intravascular volume overload in certain clinical situations and PaOP is used in the definition of acute respiratory distress syndrome (ARDS), these values are just as likely to be misleading. A clinical example is the patient with bacterial pneumonia who is hypotensive and hyperlactemic and requires high levels of positive end expiratory pressure to promote gas exchange. Although this patient's PaOP may be 19 mmHg (a level defined as consistent with cardiogenic pulmonary edema), diuresis would only worsen tissue perfusion (20) . The clinician should use caution when making interventions on the basis of a single parameter whose reliability is of great uncertainty.
Additional parameters that have proved to be moderately useful in quantifying intravascular volume status include left ventricular end diastolic volume and area determined by echocardiogram. Although these cardiac dimensions are more direct assessments of intravascular volume, they still have limited ability to predict whether changes in preload will affect hemodynamics (1). Cardiomyopathy, valvular disease, and echocardiogram variability adversely affect the reliability of these measurements.
In contrast to PaOP, CVP, and cardiac dimensions, the so called "static" markers, "dynamic" markers are those that use variations in either stroke volume or arterial pressure because the physiologic effects of respiratory variation more reliably predict volume responsiveness. In patients who are on positive pressure mechanical ventilation, inspiration causes a reduction in right ventricular preload as a result of compression of the vena cava, whereas right ventricular afterload is increased because of increased alveolar pressures. The result is a reduction in right ventricular ejection during inspiration. Because of the transit time of blood flow from the right to the left side of the heart (approximately 2 s), a fall in stroke volume and BP is seen during expiration ( Figure 5 ). Because the hemodynamic effects that are induced by mechanical ventilation are exaggerated in the hypovolemic patient, the greater the variation, the more likely the patient's hemodynamics will improve with volume. These dynamic markers can be seen at the bedside as variations in arterial pressure, pulse pressure, or stroke volume (21, 22) . A graphic depiction and definitions of these dynamic markers are shown in Figure 5 and Table 1 Table 1 . 
SPV
The difference between the maximum systolic pressure and minimal systolic pressure after a breath
Down
The decrease in arterial pressure during expiration
PPV
The maximum minus the minimum of the pulse pressure divided by the average of the two over a mechanical breath SVV The percentage change between the maximum stroke volume and minimum stroke volume over a designated interval a PPV, pulse pressure variation. 
67). Marx et al. (19) compared stroke volume variation (SVV) with
PaOP and CVP as a predictor of volume responsiveness in patients with sepsis. SVV predicted the cardiovascular response to fluid, whereas the filling pressures were no better than chance in anticipating hemodynamic change (10) . With the use of a similar study design, dynamic markers have been tested among various patient populations, including neurosurgical patients (22) , coronary artery bypass graft patients (18, 24) , and patients with acute lung injury (25) . To our knowledge, all but one study have shown that the dynamic markers predict with reasonable accuracy whether a volume infusion will result in improved cardiac function (5, 10, 18, 24, 25) .
There are some limitations to the use of dynamic markers. For example, dynamic parameters are affected by varying tidal volumes and therefore require a well-sedated, mechanically ventilated patient to ensure accuracy. Arrhythmias, particularly atrial fibrillation, will also affect the precision of SVV analyses. Finally, alterations in myocardial contractility as a result of titration of inotropic or vasopressive agents can affect the accuracy of these dynamic markers (4, 18, 19) .
It should also be emphasized that the dynamic markers do not provide information of absolute intravascular volume status (i.e., a low SVV does not suggest volume overload) but, rather, predict whether a patient will benefit from volume infusion. Although dynamic measures are more accurate at predicting volume responsiveness, as a practical matter, a clinician will often try a volume challenge in a patient who is hypotensive or oliguric. If volume produces no effect on CO, then an inotrope may be started. Because BP is often being modified with vasopressors and oliguria may be slow to resolve, this underscores the need for bedside monitoring of CO, as we will discuss in the next section.
Hemodynamic Devices: The Pulmonary Artery Catheter
Developed in the 1970s, the pulmonary artery catheter (PAC) provided bedside hemodynamic parameters unlike other devices before its time. The PAC provides measurements including CVP, right atrial and right ventricular pressures, pulmonary artery pressures, PaOP, mixed venous saturation (SvO 2 ), and CO. Systemic and pulmonary vascular resistances are calculated from these values (26) .
The value of the PAC has been a subject of debate in the past two decades. Proponents of its use argue that the PAC provides data necessary for the appropriate diagnoses and treatment of cardiovascular failure. The PAC is an accurate technique for obtaining CO, and it continues to be the gold standard for CO measurement at the bedside. In addition, pulmonary pressures obtained from the PAC can be used to evaluate and modify pharmacologic treatment for pulmonary hypertension. Last, the SvO 2 reflects the overall balance among oxygen supply, demand, and use by the body's tissues and is used, along with lactate levels, to guide resuscitation.
Despite the real-time, hemodynamic parameters provided by the PAC, there are still no data supporting its use in the care of the critically ill patient. Moreover, there are other means of obtaining similar data yet in a less invasive manner. For example, unlike SvO 2 , the central venous saturation (ScvO 2 ) is drawn from the superior vena cava via a central catheter and does not require a PAC. The ScvO 2 has gained increasing acceptance since its use in the early goal-directed therapy algorithm by Rivers et al. (17) and can be measured in a continuous manner. Although ScvO 2 values are higher than SvO 2 , the gradient is consistent and therefore ScvO 2 is a reliable surrogate for SvO 2 (27) . (On average, ScvO 2 is approximately 5% higher than SvO 2 . This difference, however, can vary among individual patients [27] .) Finally, less invasive devices that provide hemodynamic parameters similar to that of the PAC are now available. These less invasive devices as well as data on the usefulness of the PAC are described in the sections to follow.
As with any invasive device, complication rates are an important consideration in a benefit-to-risk analysis. The process of obtaining initial venous access with a central venous catheter and PAC are similar; therefore, complication rates at the stage of catheter insertion are comparable. (The risk for mechanical complications from catheter insertion can be diminished by the use of ultrasound guidance. When compared with the standard landmark technique, live ultrasound guidance has been shown to decrease arterial puncture and other complications [28] .) The PAC carries additional risks given its advancement and residence in the right heart and pulmonary vasculature. Significant dysrhythmias, heart block, pulmonary artery rupture, knotting, and increased risks for infection over a simple central venous catheter are examples of these potential adverse events (29, 30) . The hemodynamic parameters and adverse effects of the PAC and central venous catheter are compared in Table 2 (30). c A meta-analysis of five trials demonstrated that costs were higher for patients who were treated using PAC compared with those without PAC. One study showed that the cost per quality-adjusted life year gained from withdrawing a PAC was $5672 (31,32).
Recent evidence demonstrates that the PAC does not improve outcome in critical care patients (33) . A multicenter, prospective trial by Connors et al. (34) compared a population of patients with and without PAC. Patients in the PAC group had a higher mortality rate and increased use of resources. This study has been criticized for its nonrandomization and lack of algorithms used to guide treatment in response to derived PAC data, although a lack of standard algorithms probably reflects common practice. In addition, the statistical analysis has been scrutinized, particularly the use of control subjects who were case-matched with controversial propensity scores (26).
Sandham et al. (35) performed the first randomized, controlled trial that used goaloriented therapy to evaluate PAC use in high-risk surgical patients. The study included predefined physiologic goals and treatment protocols to optimize hemodynamics. Results revealed that the use of the PAC did not alter hospital mortality rates or survival at 6 and 12 months. A similar study by Richard et al. (36) examined the early use of the PAC and its effect on outcome in patients with septic shock and ARDS. Again, the authors failed to show a mortality difference. In addition, organ system failure, renal support, or vasoactive agents were also not altered by use of the PAC. Finally, a recent study from the ARDS clinical trials network, part of the Fluid and Catheter Treatment Trial (FACTT), compared the use of the PaOP with CVP in the management of acute lung injury (37) . BP and urinary output were additional variables that guided management in both groups. A predefined protocol was established for all variables and interventions. The authors observed that 60-day mortality rates, renal replacement therapy, and days spent in the intensive care unit (ICU) did not differ significantly between the two groups (37) . One criticism of this study is that the efficacy of the PAC was based on interventions and outcomes from high and low levels of PaOP and CVP. As discussed in detail already, both of these parameters predict preload responsiveness poorly (37) .
Less Invasive Hemodynamic Devices
Many other, less invasive monitoring devices have been developed to measure cardiac performance and guide hemodynamic therapy. Echocardiography can be used to assess the pericardium, valves, and global and regional left ventricular function. Because the echocardiogram is not performed continuously (other than in the operating room), it remains predominately a diagnostic tool rather than a monitor of therapy in the ICU (38) . The esophageal Doppler uses an esophageal probe that continuously measures the velocity of blood flow in the descending aorta (26, 38, 39) . CO is extrapolated from the concept that flow in a cylinder is equal to the cross-sectional area of the cylinder ( r 2 ) times the velocity of flow in the cylinder. This technique operates on the assumption that the aorta is a static cylinder and flow is always laminar (39) . A study by Monnet et al. (40) demonstrated that measured versus estimated aortic area was significantly different after fluid infusion. The accuracy of the esophageal Doppler also depends on positioning of the probe. The probe must be within 20° of axial view and therefore requires that the patient be immobile and sedated. High interobserver variability also alters the precision of this device. Despite its drawbacks, when compared with thermodilution under controlled conditions, the esophageal Doppler correlates well (39, 41) .
Using the Fick principle, a carbon dioxide rebreathing technique can be used to calculate CO. Carbon dioxide is substituted for oxygen into the Fick equation, and a rebreathing technique is used to estimate mixed venous CO 2 . The advantage of the CO 2 rebreathing technique, or "indirect Fick method," is that it does not require invasive catheterization. This technique has several limitations. In critically ill patients, CO 2 production is often altered by changes in metabolism. This method is also less accurate in patients with abnormal gas exchange. V/Q mismatching can affect exhaled CO 2 , which can be erroneously reflected as a change in CO (30) .
The thoracic electrical bioimpedance (TEB) is another device used to estimate cardiac function in the ICU. Eight electrodes are placed on the patient's neck and thorax and then connected to the TEB device. Alternating current is transmitted through the chest via the eight electrodes. The bioimpedance is the electrical resistance of the thorax to this current. The bioimpedance is indirectly proportional to the amount of thoracic fluid. The CO is calculated using the impedance of the thoracic aorta, which varies with blood flow (39) . The advantage of the TEB device is that it is completely noninvasive, requiring no venipuncture. TEB CO estimate loses accuracy when thoracic fluid (pulmonary edema, pleural effusions, and chest wall edema) is increased (39) . In a meta-analysis of 154 studies that compared TEB with the Fick method, thermodilution, dye dilution, and the echocardiogram, TEB did not correlate well. The authors concluded that TEB is useful to monitor trends but not consistent enough to provide single diagnoses (39) . Our own experience with using the TEB echoes the findings of the meta-analyses, and we no longer use this technique.
CO can also be obtained by the transpulmonary thermodilution technique, a process similar to that of the PAC. A cold injectate is administered intravenously. A thermistortipped arterial catheter calculates the downstream temperature change. Mathematical analyses of the change in temperature over time estimate the CO. The thermodilution curve allows for the calculation of other variables, including global end diastolic volume and extravascular lung water (26, 39, 42) . Studies that have compared transpulmonary technique with pulmonary artery thermodilution and Fick have been encouraging (39) .
Lithium dilution uses lithium chloride to estimate CO. Lithium-selective electrodes are positioned in an arterial pressure catheter. Lithium is injected into a venous catheter, and blood is subsequently drawn from the arterial line that contains the lithium sensor. A dilutional curve is then used to calculate CO. The formula for calculating the CO depends on accurate sodium and hemoglobin concentrations (39, 43) . The lithium technique compares well with the thermodilution technique. It does not require central access, but it does require arterial access and multiple blood draws and cannot be used continuously (43) .
Pulse contour analysis represents a continuous CO measurement using the arterial waveform. The technique is based on the principle that the contour of the arterial waveform, the area under the systolic portion, is proportional to stroke volume and the mechanical properties of the artery. The stroke volume is calculated by the integral change from end diastole to end systole over time (39, 43) . SVV is also displayed continuously and is derived from the difference between the minimum and maximum stroke volume divided by the mean of the maximum and minimum stroke volume. There are three different pulse contour devices on the market. The first is the PICCO (Pulsion Medical Systems, Munich, Germany). This device must first be calibrated with the pulmonary thermodilution technique. It has been shown to correlate well with thermodilution in various patient populations, using different arteries and after changes in preload (42, 44, 45) . The PulsCO (LiDCO Limited, Cambridge, UK) is the second of the three pulse contour devices. Like the PICCO, it requires precalibration but uses a lithium indicator technique. Recalibration is required every 8 hours to maintain accuracy (43) . The PulsCO beat-to-beat stoke volume analysis has compared well with lithium dilution techniques in postoperative patients (43) . The Flotrac (Edwards Lifescience LLC, Irvine, CA) calculates stroke volume without the need for external calibration. The algorithm used for calculating stroke volume takes into account the pulse pressure, the arterial compliance (estimated by age, gender, and body surface area), and the conformation of the arterial waveform. In one study that compared the intermittent pulmonary artery thermodilution technique with the FloTrac device among patients who were undergoing coronary artery bypass grafting and valvular repair, the FloTrac device showed a moderate agreement (46) . All three pulse contour analysis devices offer a reliable alternative approach to the invasive PAC in estimating CO. The continuous display of cardiac function and SVV allows for the evaluation and response to instantaneous changes in CO that can be missed by intermittent monitoring. SVV is inaccurate in the presence of atrial arrhythmias and frequent premature ventricular contractions. Our own experience with the FloTrac has been encouraging. It has proved to be a safe and easy tool to help guide resuscitative efforts and optimize hemodynamics. Tables 3 and 4 summarize the less invasive devices. Table 4 a TEB, thoracic electrical bioimpedance; ITBV, intrathoracic blood volume. 
Conclusions
Monitoring physiologic variables and optimizing organ perfusion are fundamental to the care of the critical care patient. For years, the PAC and the conventional preload variables (CVP and PaOP) have been central to the treatment of the hemodynamically unstable patient. It has become increasingly apparent that the traditional markers do not reliably reflect preload, and the utility of the PAC in the ICU remains controversial. Modern technology has led to the growth and development of newer, less invasive means of assessing hemodynamic instability. An understanding of these emerging devices will assist the clinician in making more accurate assessments of volume status while optimizing cardiovascular function.
After reviewing the various physiologic markers and monitoring devices, it would seem logical that we might provide an algorithm for the treatment of the hemodynamically unstable patient. The protocol used in the study by Rivers et al. (17) emphasized early recognition and goal-directed care and can provide a stepping stone for treatment of these patients; however, hemodynamic optimization of a critically ill patient is a complex and multifaceted process. It is our opinion that an adequate and appropriate resuscitation requires that the physician be at the bedside, assessing real-time hemodynamic changes with each intervention. The physician must have a concrete understanding of physiologic principles coupled with an appreciation for an individual patient's response to each intervention as well as his or her unique disease process. Moreover, as was illustrated in this review, understanding the limitations of each hemodynamic variable and device is essential. Although no single recipe or algorithm will suffice to meet every need, it is clear that hemodynamic monitoring, coupled with close clinical attention, can reduce complications and significantly enhance the effectiveness of resuscitation through metabolic and hemodynamic goal-directed therapy.
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